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Abstract
This study presents the effect of lignocellulosic compounds and monolignols
on the yield, nanostructure and reactivity of soot generated at 1250◦C in a
drop tube furnace. The structure of soot was characterized by electron mi-
croscopy techniques, Raman spectroscopy and electron spin resonance spec-
troscopy. The CO2 reactivity of soot was investigated by thermogravimetric
analysis. Soot from cellulose was more reactive than soot produced from
extractives, lignin and monolignols. Soot reactivity was correlated with the
separation distances between adjacent graphene layers, as measured using
transmission electron microscopy. Particle size, free radical concentration,
differences in a degree of curvature and multi-core structures influenced the
soot reactivity less than the interlayer separation. Soot yield was correlated
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with the lignin content of the feed. The selection of the extraction solvent had
a strong influence on the soot reactivity. The Soxhlet extraction of softwood
and wheat straw lignin soot using methanol decreased the soot reactivity,
whereas acetone extraction had only a modest effect.
Keywords: fast pyrolysis, lignocellulosic compounds and monolignols, soot,
reactivity, nanostructure
1. Introduction
Biomass gasification utilizes biomass in an efficient and sustainable way
for a wide variety of applications such as heat, electricity, chemicals and
transport fuels [1]. During pulverized biomass firing and gasification, parti-
cles first undergo rapid drying and devolatilization, leading to the formation
of char and volatiles. The volatile compounds are the primary precursors of
tar and coke (or soot) at low and high temperatures, respectively [2]. At tem-
peratures less than 1000◦C, secondary reactions of volatiles produce mainly
tars and small amounts of soot; at higher temperatures (1100-1400◦C) these
reactions produce soot and almost no tars [3, 4]. The high soot yields often
obtained in a high-temperature entrained flow gasifier require extensive gas
cleaning and can necessitate periodic plant shut down for soot removal [5].
Soot particle size plays an important role, with larger soot particles build-
ing up more rapidly than smaller ones and requiring greater effort to re-
move. Likewise, the intrinsic oxidation activity of biomass soot determines
the severity of conditions required to recover from soot accumulation prob-
lems. Reducing soot formation combined with production of highly active
soot therefore increases overall process efficiency and improves the economic
2
feasibility and reliability of gasification plants.
The formation of soot produced by combustion of gaseous fuels has been
suggested in the literature. A common feature of many soot formation mod-
els is initial formation of highly reactive radicals that combine to form larger
polyaromatic hydrocarbons (PAH) which then undergo condensation, car-
bon addition, and hydrogen abstraction reactions to form soot [6]. Several
types of species may act as potential precursors, leading to soot particle
inception via formation of polyacetylene or polyyne intermediates. The im-
portance of C2H2 in thermal decomposition reactions was emphasized by
Berthelot and Lewis [7, 8], whereas another hypothesis suggests the carbon
formation from acetylene through its simultaneous polymerization and de-
hydrogenation [9]. In biomass gasification, PAHs are mainly formed from
phenoxy radicals produced by decomposition of lignin and extractive com-
pounds, producing cyclopentadienyl radicals, PAHs, and eventually soot [10–
12]. Previous investigations showed that low lignin-containing wheat straw
generated less soot than the pinewood with the high content of extrac-
tives and lignin [13]. Lignin is mainly composed of 3 different monolignol
monomers, methoxylated, namely p-coumaryl, coniferyl and sinapyl alco-
hols [14, 15]. These monolignols are incorporated into lignin aromatic cores
in the form of p-hydroxyphenyl (H), guaiacyl (G) and 2,6-dimethylphenol
(S) units, respectively. Different types of lignin (softwood, hardwood, herba-
ceous biomass) contain various amounts of methoxy groups depending on
how much of each of the three monolignols has been incorporated into the
lignin macromolecules [16]. Atmospheric aerosols produced from biomass
combustion contain considerable oxygenated species, including components
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associated with levoglucosan and other anhydrosugars derived from cellulose
pyrolysis [17–19]. Lastly, the high concentration of resin acids in wood may
reportedly increases soot yields in addition to increasing the formation of
PAH precursors [20, 21].
In addition to improving gasifier operations, understanding soot charac-
teristics is important for the optimization of gasification processes because
low soot yield and complete conversion of soot maximize syngas yields [4].
The chemical and structural variance of biomass makes it difficult to identify
how the soot yield and composition are affected by specific operating parame-
ters and feedstock composition to optimize entrained-flow gasifiers. The heat
treatment temperature and gasification agent have a strong influence on soot
formation and conversion [22]. Steam gasification leads to complete conver-
sion of soot at temperatures greater than 1300◦C, whereas at temperatures
less than 1300◦C soot formation is determined by and inversely proportional
to O2 concentration [23]. Soot oxidation reactivity and particle size are im-
portant and interrelated considerations. In general, larger graphene layer
planes, larger crystallites, and concentrically orientated crystallites decrease
soot reactivity [24]. The nanostructure of soot was previously characterized
by high-resolution transmission electron microscopy (HRTEM), and the re-
sults indicated large differences in soot nanostructure and reactivity with the
increasing heat treatment temperature [22, 25]. Knauer et al. [25] demon-
strated the combined use of temperature-programmed oxidation (TPO), Ra-
man microspectroscopy and HRTEM for soot characterization. Previous re-
sults from fast pyrolysis indicate that pinewood soot generated at 1250◦C
had a broader particle size range (27.2 to 263 nm) than either beechwood soot
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(33.2 to 102 nm) or wheat straw soot (11.5 to 165.3 nm); likewise, pinewood
soot contained mainly multi-core structures, indicating a significant influence
of feedstock on the soot nanostructure [26]. The origin of the feedstock effect
on soot composition and reactivity are not clear. Volatiles deposited on the
soot particles are known to increase soot reactivity in entrained-flow gasifica-
tion [27]. Accordingly, X-ray photoelectron spectroscopy (XPS) and electron
energy loss spectroscopy (EELS) were carried out to gain information on the
surface composition of the carbonaceous soot and alkali metals deposited on
the soot surface. However, XPS and EELS showed that the differences in
organic composition of pinewood and wheat straw soot are small [26].
To reduce aerosol emissions, the gasification and wood stove industries
require basic data to understand how soot yields and particle properties are
correlated with fuel composition and operating conditions. The initial fuel
structure affects aerosol transformation processes (coagulation, fragmenta-
tion, etc.) and thus, the aerosol particle size, nanostructure, and viscos-
ity [28]. Lignin rich feedstocks present challenges for gas cleaning units of
wood stoves, and require optimization based on differences in feedstock com-
position. Knowledge about influence of lignocellulosic compounds on the
soot particle size and nanostructure is important to prevent outlet blockages
and to ensure steady syngas production. Many soot formation studies are
based on combustion of coal [29], liquid [30, 31], or gaseous hydrocarbons [32],
but only a few have focused on biomass soot. Soot from biomass pyrolysis
contains greater inherent oxygen functionalities and more readily adsorbs
primary, secondary and tertiary pyrolysis products such as organic acids,
aldehydes and phenolics [33]. To address this knowledge gap, soot from py-
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rolysis of lignocellulosic compounds and monolignols was produced in a drop
tube reactor at 1250◦C. The resulting soot materials were then characterized
for yield and critical structural and reactivity properties. The specific objec-
tives of this study were to: (1) identify relationships between biomass feed
characteristics and soot yield and characteristics and (2) identify relation-
ships between soot characteristics and reactivity. The results of this study
provide a clear basis for understanding the effects of biomass selection on
soot production and potential impacts on process design and operation.
2. Materials and methods
The effects of lignin type, extractives (resin acids), holocelluloses and
monolignols on the soot yields and composition were studied in a drop
tube reactor. Soot samples were generated at 1250◦C in a drop tube re-
actor. Two types of organosolv lignin made from softwood and wheat straw
(purity> 94 %) were provided by BOC Sciences. Cellulose Avicelr (pu-
rity> 99.9 %) and xylan from beechwood (purity> 90 %) were supplied by
Sigma-Aldrich. The purity of xylan was increased from 90 % to 96.6 % by a
three step procedure involving strong alkali treatment, bleaching, and acety-
lation. Monolignols (2,6-dimethylphenol, guaiacol, and p-hydroxyphenol)
were acquired from Sigma-Aldrich and used without purification.
Lignocellulosic compounds were reacted in the drop tube furnace (DTF)
at 1250◦C, as described in detail by Trubetskaya et al. [13]. The high heating
rate and short residence times obtained with the drop tube furnace simu-
late the conditions in entrained-flow gasifiers. Based on previous work [26],
operation at 1250◦C was selected to maximize the soot yield. The reac-
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tor consists of an alumina tube (internal diameter: 54 mm, heated length:
1.06 m) heated by four heating elements with independent temperature con-
trol. Gas flow rate into the reactor is regulated by mass flow controllers
(EL-FLOWr Select, Bronkhorst High-Tech B.V.). The feeding system is
based on a syringe pump that displaces a bed of fuel that falls directly into
the high temperature zone in the reactor through a water-cooled probe. The
syringe pump was vibrated to ensure stable feeding of the fuel particles, as
described by Bach-Oller et al. [34]. In each experiments, ≈ 5 g of biomass
were fed to the reactor at a rate of 0.2 g min−1. Both primary (0.18 l min−1
measured at 20◦C and 101.3 kPa) and secondary (4.8 l min−1 measured at
20◦C and 101.3 kPa) feed gases were N2. The residence time of fuel particles
was estimated to be about 1 s, taking into account density changes during
pyrolysis [35]. Both the samples (extractives, monolignols) and the syringe
pump feeder were kept in a freezer at -18◦C overnight and in each experiment
to ensure that extractives and monolignols enter the reactor at a consistent
feeding rate. Reaction products were separated into coarse particles (mainly
char and fly ashes), fine particles (mainly soot and ash aerosols), permanent
gases, and tars. Course particles were captured in a cyclone (cut size 2.5µm).
Soot particles exited the cyclone and were collected on a grade QM-A quartz
filter with a diameter of 50 mm (Whatman, GE Healthcare Life Science).
Soxhlet extraction using either acetone and methanol as the solvent was
performed on soot samples from pyrolysis of both lignin types by extracting
0.1 g of the solid placed within a 100 ml Soxhlet apparatus for 12 h. The
reactivity of soot in CO2 gasification was investigated by thermogravimetric
analysis. The structure of soot samples was characterized by transmission
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electron microscopy and Raman spectroscopy. The concentrations and types
of free radicals remaining in the soot matrix after pyrolysis (at the decay
stage) were determined using electron spin resonance spectroscopy.
2.1. Original fuel characterization
The ultimate and proximate analysis of the lignocellulosic compounds
was carried out at University of Agder and at Celignis Limited. The results
are shown in Table 1 and supplementary Table S-1. The ash content of lig-
nocellulosic compounds was determined using a standard ash test at 550◦C,
according to the procedure described in DIN EN 14775. The ash composition
was calculated on the dry basis. Lignin from wheat straw was rich in Na,
Si and Fe (Na: 2.2 wt.%; Si: 1.3 wt.%; Fe: 0.5 wt.%), whereas lignin from
softwood contained a smaller fraction of Na (1 wt.%). Xylan from beechwood
after purification contained low amounts of Na and Ca (Na: 1.5 wt.%; Ca:
0.4 wt.%).
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Table 1: Proximate and ultimate analysis of cellulose, xylan from beechwood (hemi-
cellulose), extractives, lignin from softwood and lignin from wheat straw and mono-
lignols (hydroquinone; guaiacol; 2,6-dimethylphenol).
Cellulose Xylan Lignin Lignin Extractives H G D
beechwood softwood wheat straw
Proximate and ultimate analysis (% on dry basis)
Moisturea 6 6 4.1 3.8 0.5 1 6 0.2
Ash (550 ◦C) 0.3 2 1.5 4.3 0.4 0.2 0.3 0.2
Volatiles 94.9 81.6 67.3 66.3 99.8 100 100 100
HHVb 18 14 26.4 26.7 35 25.5 29 26.3
LHVb 16.1 12.2 24.9 25.2 33 24.1 27.3 24.7
C 42.3 39.6 59.9 61.1 73.2 65.2 66.7 62.1
H 6.3 6 5.5 5.6 8.9 5.2 6.1 6.4
O 50.9 52.3 31.9 28.2 17.5 29.4 27 31.3
N 0.3 0.2 1.2 0.8 - - - -
a wt. % (as received) b in MJ kg−1
H: Hydroquinone; G: Guaiacol; D: 2,6-Dimethylphenol
2.2. Soot analysis
Thermogravimetric analysis. The reactivity of soot was analyzed by exposing
samples in 40 % volume fraction CO2 (14 cm
3 min−1 of CO2 and 21 cm3 min−1
of N2 at 20
◦C and 101.3 kPa) in a thermogravimetric instrument Q5000 (TA
Instrument, USA) by loading 4 mg of sample in an Al2O3 crucible and heating
from 30 to 1200◦C in CO2 at a constant heating rate of 10◦C min−1.
Soot pretreatment for microscopy. Prior to microscopy, soot samples were
kept at 350◦C for 4 hours in a thermogravimetric instrument to reduce the
volatile contents. Samples were dry dispersed on a lacey carbon copper grid.
Transmission electron microscopy. Soot morphology was studied using a FEI
Titan transmission electron microscope operated at 120 keV.
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Particle size distribution analysis using TEM. The particle size of soot sam-
ples was estimated manually from TEM images using the ImageJ software [36,
37]. Only clearly visible primary particles were selected for accurate analy-
sis. The data were assessed to establish particle size distributions. For size
analysis, soot particles were assumed spherical. Particle size analysis was
conducted on 200 particles at each operating condition. Standard deviation
was calculated for curvature, fiber length (see definition below) and separa-
tion distance of graphene layers as described in the supplemental material
(equation 1). The curvature of a single graphene sheet was calculated as
shown in the supplemental material (equation 2).
Raman spectroscopy. Raman spectra of the soot samples were obtained us-
ing a XploRa Raman microscope (Horiba Scientific, USA) operating with
a 532 nm laser line at a power of 10 mW. 2 s scan time was used with an
accumulation of 100 scans. An 1800-line grating was used with an aperture
of 100µm and slit width of 300µm. Laser light was focused on the sample
using a 100 magnification lens from Olympus. The collected spectra were
presented as an average of three experiments. Raman spectra were averaged,
subtracted and then normalized by tallest band height. Deconvolution of the
Raman spectra were conducted using the peak fit pro tool in the OriginPro
software (OriginLab, USA) by combination of six Gaussian-shaped bands
(D5, D4, D3, D2, D1, and G) following Sadezky et al. [38]. The assignment
of Raman bands was conducted as shown in the supplemental material (Sec-
tion S-2.3). The mean crystal size in the a-direction (La), that is valid for
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the laser wavelength from 400 to 700 nm, is given by [39]:
La =
C0 + C1λL
AD1/AG
(1)
with the fitting constants C0 = -12.6 nm and C1 = 0.033.
Electron spin resonance spectroscopy. The concentration and type of free
radicals formed in soot during the decay stage of pyrolysis at 1250◦C were
studied using the electron spin resonance (ESR). ESR spectra were recorded
on a Magnettech MS-5000 ESR spectrometer (Freiberg Instruments, Ger-
many). Samples were placed in a closed-bottom quartz capillary tube with a
wall thickness of 0.75 mm and an outer diameter of 5 mm. The measurements
were carried out at room temperature with a microwave power of 10 mW, and
a modulation width of 0.2 mT, sweep width of 6200 G, sweep time of 1 min,
magnetic field modulation of 100 kHz. A solid sample of CuSO4·5H2O of
known weight was used as a standard for calculating the number of spins in
the sample signals. To minimize bias introduced by radical recombination,
ESR was performed less than 24 hours after soot generation and compared
with results 7 months later. The radical concentration showed negligible dif-
ferences (< 5 %) over a period of 7 months, and was therefore judged to be
independent of storage time [40]. More details are provided in the supple-
mental material (Section S-6.1).
3. Results
3.1. Soot reactivity
Figure 1 shows differential weight loss curves (DTG) for the 40 % volume
fraction CO2 gasification of soot samples.
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Figure 1: (a)-(f) DTG curves of soot from pyrolysis of cellulose, hemicellulose,
extractives, monolignols (guaiacol, hydroquinone, 2,6-dimethylphenol), softwood
lignin, wheat straw lignin, and Soxhlet extracted softwood and wheat straw lignin
soot using acetone and methanol as solvents reacted in 40% volume fraction CO2
+ 60% volume fraction N2.
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The relative importance of external diffusion on the overall soot gasifi-
cation in the TG experiments was evaluated by comparison of the observed
maximal reaction rate (rmax, % min
−1) with the calculated diffusion rate
(rdiff , % min
−1) of CO2 in the supplemental material (equation 5). The
calculated rmax/rdiff ratio showed that the gasification reaction in the TG
analysis was influenced only by chemical kinetic limitations, as shown in
the supplemental material (Table S-3). The DTG curves show both a single
broad peak and a double peak in CO2 gasification, indicating a heterogeneous
soot mixture with respect to the composition and particle size as suggested
by Russell et al. [41] and a combination of two constituents with different
reactivity as observed by Abian et al. [42]. The CO2 gasification of most
soot samples took place at nearly the same temperature range from 850 to
920◦C while soot from monolignols and Soxhlet extracted softwood and wheat
straw lignin soot using methanol as a solvent reacted at higher temperatures.
The reactivities of soot from lignocellulosic compounds were nearly identical
with that of beechwood and wheat straw soot samples [26]. The maximum
reaction rate of soot from monolignols in the CO2 gasification was about
100◦C greater than lignocellulosic soot samples. The cellulose, hemicellulose
and monolignol (hydroquinone) soot exhibited a double peak, indicating the
presence of a carbon constituent with similar reactivity to other soot samples
and a less reactive carbon structure approaching the reactivity of commercial
graphite, as shown in the supplemental material (Figure S-4). The elemen-
tal analysis of soot samples in the supplemental material (Figures S-2 and
S-3) showed that carbon was the most abundant element observed on all
soot samples (≈ 98-99.5 %). The differences in a carbon structure proba-
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bly led to the formation of a double peak in CO2 gasification of cellulose,
hemicellulose and hydroquinone soot samples, as shown later. The maximal
reaction rate of softwood and wheat straw lignin soot after Soxhlet extraction
with acetone changed only slightly, as shown in the supplemental material
(Table S-4). In contrast, the results showed that the Soxhlet extraction
using methanol decreased the reactivity of both lignin soot samples. The
maximum reaction rate of methanol extracted lignin soot was about 250◦C
greater than for the other biomasses, and thus, the methanol extracted soft-
wood and wheat straw soot was clearly less reactive. Interestingly, the mass
loss of organic compounds after Soxhlet extraction of softwood and wheat
straw lignin soot using both acetone and methanol as solvents was in the
range 0.01 to 0.02 wt. %. The present results show that differences in carbon
chemistry of soot samples may also influence the soot reactivity, and will be
discussed below.
3.2. Soot yields
Soot yields from pyrolysis of lignocellulosic compounds at 1250◦C were
similar to soot yields of monolignols, as shown in Figure 2.
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Figure 2: The total yield of soot from pyrolysis of lignocellulosic compounds, mono-
lignols and biomass at 1250◦C shown in wt.% relative to the original compound
(g g−1 on dry basis).
Low soot yields were obtained from pyrolysis of cellulose and hemicellu-
lose, consistent with their lack of aromatic rings [17–19]. Lignin and extrac-
tives are major compounds in biomass that enhance soot formation at high
heating rates and high temperatures. The highest soot yield was obtained
from pyrolysis of wheat straw lignin and quantitatively comparable with
the soot yield of hydroquinone. The soot yields from wood and herbaceous
biomass pyrolysis were lower than the soot yields from lignin and extractives
due to the high content of holocelluloses in original pinewood, beechwood
and wheat straw, as shown in the supplemental material (Table S-2). The
high concentrations of lignin and resin acids in wood led to a larger forma-
tion of PAH precursors and thus, higher soot yields than during the wheat
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straw pyrolysis. Therefore, Figure 2 suggests that soot yields are correlated
with the lignin content of the feed. The effect of ash on lignin soot yields
was investigated. Previous results showed that the alkali rich wheat straw
soot yield was almost twice as low as that of softwood lignin soot, indicating
the catalytic effect of alkali on the soot formation [43]. However, the yield of
low ash containing softwood lignin soot was less than that of Na+ rich wheat
straw lignin soot in the present study. This indicated that the ash content
has less influence on the soot yield than the organic content of lignin.
Soot yields obtained from pyrolysis of the monolignols (hydroquinone,
2,6-dimethylphenol, and guaiacol) were quantified to understand the effects
of the organic content of lignin on soot production in more detail. Figure 2
shows that the soot yields from the individual monolignols were typically less
than that observed for lignin, with the exception being hydroquinone. Rad-
icals generated from the primary pyrolysis reactions of hydroxyquinone are
stabilized by the delocalized unpaired electrons and are not highly reactive
with other molecular species [44]. Phenoxyl radicals can undergo radical-
radical recombination reactions to form PAHs and possibly soot at tempera-
tures greater than 600◦C [45, 46]. Phenyl radicals can decompose via hydro-
gen loss to yield benzyne, which subsequently reacts in a retro-Diels-Alder
fashion to acetylene and diacetylene, and initiates soot formation [43].
3.3. Raman spectroscopy
Raman spectroscopy was carried out to examine primary differences
in the carbon structure of soot samples. First-order Raman spectra (800-
2000 cm−1) of soot obtained by laser excitation wavelength (λ0 = 532 nm) are
shown in the supplemental material (Figures S-11 and S-12). All soot sam-
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ples showed common features in their Raman spectra including the G and D1
bands, which are located in a range of 1578-1587 cm−1 and 1330-1343 cm−1;
however, some differences were observed. The width of the G bands of both
lignin soot samples narrowed after solvent extraction, indicating an increase
in structural order and a decrease in soot chemical heterogeneity. This find-
ing parallels the reactivity changes previously mentioned for extracted lignin
samples and may pertain to differences in organic content of the fuel. The
percentage area of D1 band in guaiacol and non-treated lignin soot samples
was smaller than in soot from holocelluloses and syringol, implying a lack of
symmetry in soot polyaromatic structure [47]. Moreover, the D1 band in soot
from monolignols, non-treated lignin and extracted lignin soot was broader
than soot obtained from other feeds (HWHM = 74-82 cm−1), showing that
the crystalline size was smaller than in other soot samples. The calculated
integrated peak area ratio (AD4/AG) in the supplemental material showed
that the wheat straw lignin soot contained the lowest amount of carboxylates
(0.3) compared to other soot samples.
Aside from these differences, the Raman spectra indicate minor differ-
ences in the carbon structure of soot obtained from gasification of lignocel-
lulosic compounds and monolignols. Based on the estimated AD1/AG ratios,
all samples exhibited a common structure of amorphous carbon and nano-
crystalline graphite, as discussed by Ferrari and Robertson [48]. The average
extension of graphene layers (La) in the lignocellulosic compounds and mono-
lignol soot (1.6-2.2 nm) was less than those in the biomass soot (2.1-2.6 nm).
The size of one aromatic ring is 0.25 nm [49], and therefore, the size of PAHs
in the lignocellulosic compound and monolignol soot is equivalent to approx-
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imately 6-9 aromatic rings. Moreover, the average extension of graphene
stacks (La) in all soot samples was quantitatively similar to that of com-
mercial carbon black (Printex XE2: 2.5 nm; Vulcan XC72: 2 nm; Printex L:
1.4 nm) and less than typical of graphite (5.6 nm) [50]. These results therefore
clearly establish that the soot obtained from biomass gasification is irregu-
lar and only partially crystalline, are important results for understanding
reactivity.
3.4. Particle size analysis
Figure 3 contains plots of the size distributions of primary soot particles
plotted as fractions of the number of particles in each size range. The calcu-
lated geometric mean diameters varied from 34.6 to 49.3 nm, and were similar
to the values reported for biomass smoke (30-50 nm) [51, 52] and for the soot
obtained from pyrolysis of wood and wheat straw (30.8-77.7 nm) [26]. The dif-
ferences in particle size of soot samples were noticeable. The geometric mean
particle diameters of both lignin soot samples were similar to one another,
whereas the particle size of guaiacol and cellulose soot was significantly less
in comparison to other soot samples. This indicates an influence of feedstock
on the soot formation, confirming the previous results of Arora et al. [53].
They reported that under smoldering conditions, the nature of lignocellu-
losic materials (wood, cow dung, mustard stalks) influenced the formation
of soot particles, leading to various particle size distributions. Soxhlet ex-
traction did not influence the soot particle size. No large differences in the
particle clustering were determined among soot samples, suggesting that soot
clustering is determined primarily by flow and mixing considerations, rather
than primary chemistry.
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3(c): Soot from softwood lignin
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3(d): Soot from wheat straw lignin
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3(e): Extracted straw lignin soot
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3(f): Hydroquinone soot
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3(g): 2,6-dimethylphenol soot
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3(h): Guaiacol soot
Figure 3: Particle size distributions of soot from cellulose, extractives, soft-
wood lignin, wheat straw lignin, hydroquinone, 2,6-dimethylphenol, guaiacol, and
methanol extracted soot from wheat straw lignin.
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The exceptions to this observation were hemicellulose and guaiacol soot
samples, as shown in the supplemental material (Figure S-8). TEM images
of hemicellulose and guaiacol soot showed clustering of individual particles
without clearly defined boundaries. The particle size of hemicellulose soot
was not possible to determine due to their non-spherical shape. The hemicel-
lulose soot particles appeared to be densely fused together with more irregu-
lar edges compared to other soot samples. Although guaiacol soot particles
were less spherical than other soot samples, the particle size was possible to
determine using a fraction of spherical particles.
3.5. Nanostructure
The nanostructure of the soot from lignocellulosic compounds and mono-
lignols was studied by TEM. Figures 4-5 show representative images. In all
cases, the soot particles appear as agglomerates. All primary soot particles
exhibited a core-shell structure, with both single and multiple cores. The
primary particles in cellulose and monolignol soot consisted of mainly of sin-
gle core particles with a large core, whereas hemicellulose and extractives
soot contained a mixture of single and multi-core structures. The primary
particles in softwood and wheat straw lignin soot exhibit primarily multiple
core structures. Compared to the cores of lignin soot, the multiple cores
of hemicellulose and extractives soot particles were located closer to each
other, possibly due to particle coalescence at an earlier stage. Liati et al.[22]
related the multi-core structure to early phase soot formation consisting of
nuclei coalescence and further development as a single particle.
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4(a): Cellulose soot 4(b): Hemicellulose soot
4(c): Extractives soot 4(d): Softwood lignin soot
4(e): Straw lignin soot 4(f): Extracted wheat straw lignin soot
Figure 4: TEM images of soot generated from lignocellulosic compounds. In Figures
(a) and (f) the distance between graphene layers was measured in the enlarged
image (red rectangle). In all Figures the arrows indicate the soot particle cores.
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The multi-core structure of softwood and wheat straw lignin soot re-
flects formation by coalescence of several smaller particles, with the particle
concentration governing the rate of the coalescence process [54]. The observa-
tion of multi-core structures in soot derived from lignin is therefore consistent
with the greater soot yield obtained from this feed compared to the others
included in this study. The shell nanostructure of smaller and larger parti-
cles seems to be similar to one another, as shown in Figures 4-5 and in the
supplemental material (Figures S-9 and S-10). TEM analysis indicates that
both the fine and large primary soot particles consisted of graphene sheets,
which grow circumferentially from the particle core. The graphitic shell pro-
vides a clear fringe contrast from the stacking of the graphene layers, which is
less obvious for larger particles due to their thickness (supplementary Figure
S-10(b)). This limitation also applied to the core of the larger particles for
which characterization was not possible.
Figures 4-5 show that the particle cores consist mainly of randomly ori-
ented and curved graphene layers. Su et al. [55] investigated the oxidation
reactivity of soot formed in diese-engine exhaust, and suggested that the
soot core as a highly reactive area due to the presence of defects on the sur-
face being, further-functionalized with volatile groups. They hypothesized
that non-6-membered rings may produce highly localized olefinic structures
in the soot core that are prone to oxidation. As seen in Figures 4(f)-4(e), the
core size of soot particles decreased by 2-3 times and the lattice fringes be-
came more visible in the soot shell due to the Soxhlet extraction. Extraction
impacts the nanostructure of lignin soot. The wheat lignin soot particles
produced after Soxhlet extraction with methanol formed a mixture of single
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and multi-core structures. The cores of extracted wheat straw lignin soot
particles are located so close to each other that no clear transition between
the cores can be observed. The number of multiple cores decreased after
methanol extraction.
All soot samples exhibited a well-ordered graphitic structure except
the cellulose and hemicellulose soot. Two different carbon structures were
observed in cellulose, hemicellulose, and hydroquinone soot. The straight
graphene layers of the neighboring particles appear to be merged, forming a
continuous surface with a large number of crystallites, as shown in Figures 4-
5. Another type of carbon structure with more curved graphene layers was
indicated on the outer shells of soot particles in Figure 5(b) and supplemen-
tary Figure S-10.
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5(a): Guaiacol soot 5(b): Hydroquinone soot
5(c): Bridging of two hydroquinone soot
particles
5(d): 2,6-dimethylphenol soot
Figure 5: TEM images of soot generated from monolignols (guaiacol, hydroquinone,
2,6-dimethylphenol). In Figures (a)/(c) the distance between graphene layers is
enlarged using the red rectangle. In Figures (a)-(b)/(d) the arrows show the num-
ber of soot particle cores. In Figure (c) the bridging of two hydroquinone soot
particles is enlarged using the red rectangle (the image was transformed into the
binary form).
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The particle size analysis of hemicellulose soot could be not carried out
because the outer particle shells were covered by a carbon structure that
made the particle edges irregularly-shaped. Therefore, hemicellulose soot
particles could not be assumed spherical. The graphene segments of the ex-
tractives, lignin, methanol extracted lignin and monolignol soot samples were
well ordered and flat with the smaller curvature of an average particle size
(0.9-0.98; flat graphene ≈1 [56]). Table 2 summarizes the characteristics of
different soot samples with regards to single or/and multiple cores, curvature
and separation distance of graphene layers. The mean separation distance of
cellulose soot graphene segments (0.4 nm) was significantly greater than that
of graphite (0.335 nm), indicating the lowest degree of crystallinity [22]. The
mean separation distance of methanol extracted wheat straw lignin soot was
similar to that of pinewood soot (0.33 nm) [26]. In addition, the methanol
extracted wheat straw lignin soot consisted of the longest graphene segments
(4.5 nm) indicating the formation of structure that is more similar to graphite.
The previous study showed that the Soxhlet extraction using benzene as a
solvent led to the smaller separation distance of graphene layers and larger
stacking height (Lc) of crystallites with the increasing pyrolysis tempera-
ture, probably due to the Orlov type reactions, involving hydrogenolysis of
aromatic rings [57].
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Table 2: Summary of soot characteristics (cure, curvature, separation distance)
prepared from cellulose, hemicellulose, extractives, softwood lignin, wheat straw
lignin, methanol extracted wheat straw lignin, guaiacol hydroquinone, and 2,6-
dimethylphenol.
Soot
Fiber length Curvature2 dsep1,2 Core3,4
nm nm
Cellulose 2.5±1.8 0.9±0.01 0.4±0.02 mostly s
Hemicellulose 2.3±0.9 0.9±0.13 0.36±0.01 m & s
Extractives 3.7±2.6 0.96±0.03 0.38±0.03 m & s
Softwood lignin 3.1±1.4 0.97±0.02 0.38±0.02 mostly m
Wheat straw lignin 3.8±1.6 0.97±0.04 0.37±0.02 mostly m
Extracted wheat straw lignin 4.5±3.5 0.95±0.04 0.34±0.01 m & s
Guaiacol 3.7±2.6 0.98±0.02 0.36±0.01 mostly s
Hydroquinone 2.5±1.2 0.91±0.05 0.35±0.01 mostly s
2,6-dimethylphenol 3.6±1.8 0.93±0.05 0.36±0.02 mostly s
1 - separation distance
2 - calculation of mean curvature and dsep of graphene layers measured only on crystallites
3,4 s - single core and m - multiple cores
3.6. Electron spin resonance spectroscopy
Free radicals present on biomass soot may influence soot activity; ac-
cordingly, ESR was used to probe the presence of free radicals in the soot
samples. Figure 6(a) shows that the ESR spectra of all soot samples gen-
erated at 1250◦C gave ESR spectra with g-values = 2.0035-2.0039. This
indicates the formation of carbon-centered radicals containing oxygen. Radi-
cals with similar g-values (2.0035-2.0037) have been observed in soot samples
from wood combustion [58]. The experimental ESR-spectra were analyzed
by fitting to simulated spectra to identify the individual radical species. A
model based on a mixture of two radical species was found to adequately fit
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the experimental ESR spectra [40].
2 . 0 0 3 0
2 . 0 0 3 1
2 . 0 0 3 2
2 . 0 0 3 3
2 . 0 0 3 4
2 . 0 0 3 5
2 . 0 0 3 6
2 . 0 0 3 7
2 . 0 0 3 8
2 . 0 0 3 9
2 . 0 0 4 0
g va
lue
h e m
i c e l l u
l o s e  
s o o t
s o f t w
o o d  
l i g n i n
 s o o t
2 , 6 - d
i m e t h
y l p h e
n o l
       
     s o
o t
h y d r
o q u i n
o n e  
s o o t
g u a i a
c o l  s
o o t
e x t r a
c t i v e
s  s o o
t
w h e a
t  s t r a
w  l i g
n i n  s
o o t
c e l l u
l o s e  
s o o t
6(a): g-values
0
1
2
3
4
5
6
7
8
spin
s x 
101
9  g-
1
h e m
i c e l l u
l o s e
       
s o o t s o f t w
o o d  
l i g n i n
 
       
  s o o
t
2 , 6 - d
i m e t h
y l p h e
n o l
       
     s o
o th y d r
o q u i n
o n e
       
s o o tg u a i a
c o l  s
o o t
e x t r a
c t i v e
s
     s o
o t
w h e a
t  s t r a
w  l i g
n i n
       
    s o
o tc e l l u
l o s e  
s o o t
6(b): ESR radical concentration
Figure 6: (a) g-values, and (b) ESR radical concentration (spins x 1019 g−1) of soot
generated from lignocellulosic compounds and monolignols.
The ESR signals were symmetric without hyperfine splittings and with
nearly Lorentzian line-shapes, as shown in the supplemental material (Fig-
ures S-13, S-14, S-15). The fitted ESR spectra of the soot samples had
line widths (LW) in the range 2.5-4.3 G and g-values in the range 2.0031-
2.0040. Atiku et al. [59] identified the composition of free radicals deposited
on soot particles generated in a multi-fuel stove by selective-ion monitor-
ing mass spectrometry. These radicals were 1-4 ring PAH substituted with
(mainly methyl) short-chain alkyl groups and carbon-centered radicals with
an oxygen atom, which may also be formed in the present study based on
the similar g-values and line widths in the range 1.5-2.5 G. However, similar
g-values and line widths have also been observed by grafting gallic acid onto
graphene oxide, which led to the formation of highly stable phenoxyl radicals
with g equal to 2.0040 and LW = 3.5 G [60], which suggest the radicals could
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also be phenolic derived o- and p-semiquinone structures.
Figure 6(b) shows that the radical concentrations in soot from lignin,
extractives, and monolignols were higher than the radical concentrations in
soot from holocelluloses; this observation may be consistent with the aro-
matic components present in lignin promoting formation of PAH precur-
sors and a greater mixture of free radicals [59]. The homolytic cleavage of
aryl-ether linkages in lignin is a major reaction to form carbon-centered and
oxygen-centered polyaromatic radicals which are trapped in the polyaromatic
matrix of soot and char, and stabilized by the delocalized unpaired electrons
at the decay stage [61, 62]. The radical concentrations in soot from cellulose
and hemicellulose were low. The major products from cellulose pyrolysis
such as levoglucosan and other light oxygenates do not have unpaired elec-
trons, whereas the high levels of unpaired electrons were detected over the
polyaromatic ring structure of original lignin and its chars formed in pyrol-
ysis [63, 64].
The spin concentrations of soot samples range between 1.8·1019 and
7·1019 spins g−1, as shown in Figure 6(b). Soot produced by pyrolysis of
softwood lignin had a lower concentration of radicals than wheat straw lignin
soot. Interestingly, the radical concentration in soot from guaiacol which is
a major unit in softwood lignin was also less than the radical concentration
in soot from hydroquinone that represents a major p-hydroxyphenyl unit
in wheat straw lignin. Thus, the higher alkali content in the wheat straw
lignin was probably less important for determining radical concentration than
differences in lignin linkages, consistent with the soot yield data reported here
and confirming previous results of Ba¨hrle et al. [64].
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As seen in the supplemental material (Figure S-14), methanol and ace-
tone Soxhlet extraction of both lignin soot samples decreased the radical
concentration of the obtained soot, indicating that soluble organic fractions
play a role in radical formation. An additional ESR resonance centered at
322.5 mT with the g-value (2.07) was detected for both extracted lignin soot
samples. The relative intensities of ESR signal varied significantly among ex-
tracted lignin soot samples. The broad and asymmetric signal was attributed
to strongly interacting electrons, which are delocalized over the conducting
domains of soot carbonaceous matrix [65]. The asymmetry of the resonance
line indicates a high electrical conductivity of soot particles [66]. The g-value
of soot samples (2.07) was greater than that of graphite (2.05) [67], but it was
comparable with the value typically found for carbon nanomaterials [68]. All
biomass derived soot samples showed a broad ESR signal with the g-value
(2.07) similarly to soot samples from lignocellulosic compounds, as shown in
the supplemental material (Figure S-16). The carbon-centered radicals with
an oxygen atom (g = 2.0026-2.0037) were not observed in biomass derived
soot.
4. Discussion
Thermogravimetric experiments demonstrated significant differences in
the intrinsic reactivity of lignocellulosic compounds, monolignols and Soxhlet
extracted soot samples towards CO2. In principle, the reactivity of soot from
lignocellulosic compounds and monolignols can be affected by differences in
particle size, presence of free radicals, carbon chemistry and soot nanostruc-
tures. The particle size of extractives soot (38 nm) was less than that of
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extracted wheat straw lignin soot (40.9 nm), whereas the reaction rate of the
native soot was 95 times greater than that of extracted lignin soot, as shown
in supplementary Table S-4. The particle size of extracted wheat straw lignin
soot was similar to that of hydroquinone soot and 7.9 nm greater than the
particle size of guaiacol soot, whereas the reactivity of extracted wheat straw
lignin soot was 11 times greater than the reactivity of both guaiacol and hy-
droquinone soot samples. Raman spectroscopy results showed that all soot
samples exhibited a structure resembling carbon black based on the AD1/AG
ratios (2-2.4). This indicates that neither particle size nor carbon chemistry
had a strong influence on the observed differences in soot reactivity.
Previous work has shown that increasing free radical concentrations in-
creases biochar oxidation reactivity [69, 70]. In the present study, the radi-
cal concentrations in soot from extractives and lignin were greater than the
radical concentrations in soot from cellulose and hemicellulose, whereas the
reactivity of extractives and both lignin samples was lower than that of holo-
celluloses soot. Methanol and acetone extraction decreased the radical con-
centrations in both lignin soot samples. Thus, based on radical concentration
alone it might be expected that the high radical concentration in non-treated
lignin soot led to higher reactivity than in the extracted soot samples. How-
ever, the reactivities of non-treated and acetone extracted lignin soot were
similar, whereas the methanol extracted lignin soot was 30 times less reac-
tive than other two samples. This indicates that the differences in radical
concentrations had a negligible influence on the soot reactivity.
The nanostructure of soot from pyrolysis of lignocellulosic compounds
and monolignols was the main factor influencing the reactivity during CO2
30
gasification. The differences in nanostructure of soot samples were signifi-
cant, consistent with the previous results of soot prepared by pyrolysis of
acetylene and benzene, where the formation conditions have significant in-
fluence on the soot nanostructure [31]. Because the soot samples produced
in the present study were formed at consistent conditions, the differences in
nanostructure can instead be attributed to feedstock differences. The TEM
analysis showed that the mean separation distance of extracted lignin soot
graphene segments (0.34 nm) was similar to graphite (0.335 nm), whereas
the reactivity of extracted wheat straw lignin soot was significantly less than
that of other soot samples. The mean separation distance of cellulose soot
(0.4 nm) was significantly greater than that of other soot samples, leading to
the highest reactivity. Moreover, the small graphene layers of cellulose soot
(2.5 nm) could enhance CO2 gasification reactivity, as shown in Figure 7. In
conclusion, the length and separation distance of soot graphene segments
were dominant structural characteristics influencing soot reactivity.
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Figure 7: (a) The integrated peak area ratio (D1/G) derived from the Raman spec-
troscopic data. The outlier point (960◦C, D1/G = 1.9) characterizes the integrated
peak area ratio of guaiacol soot, and (b) Separation distance of graphene layers
(dsep) are shown over the relevant peak temperature of the TG experiment in 40%
volume fraction CO2.
The DTG curves of cellulose, hemicellulose and hydroquinone soot showed
a double peak in CO2 gasification indicating a heterogeneous soot mixture.
The TEM analysis of cellulose, hemicellulose, and hydroquinone soot in-
dicated the formation of two carbon structures. The less reactive carbon
phase with the long and flat graphene segments approached the reactivity
of graphite as shown in supplemental material (Figure S-4), whereas the
more reactive carbon phase with the short and highly curved graphene seg-
ments behaves similarly to carbon black, as reported by Abian et al. [42].
The present results showed that the high content of extractives and lignin
in pinewood and beechwood could also lead to the lower reactivity of woody
soot, despite the fact that the original wood is a low-ash containing biomass.
Previous results showed that increasing the concentration of lignin and
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extractives in the wood increases the formation of PAH precursors and thus,
increases soot yields [13]. In the present study, lower soot yields were obtained
from pyrolysis of cellulose and hemicellulose, indicating a major influence
of lignin and extractives on the soot yield. The soot yield obtained from
softwood lignin pyrolysis was less than that of wheat straw lignin which
emphasized the importance of lignin composition on the soot yield. The
high concentration of hydroxy groups in wheat straw lignin enhanced soot
formation during high-temperature pyrolysis. The soot yields obtained from
pyrolysis of lignin and extractives were greater than the soot yields from
pyrolysis of woody and herbaceous biomass probably due to the presence
of inorganic compounds in original biomass which tend to decrease the soot
yields [71]. This shows that the lignocellulosic compositional differences affect
both the soot yield and reactivity.
5. Conclusion
This work presents yield and reactivity data for soot produced in a
drop-tube furnace operating at consistent conditions and using a range of
biomass feeds and model compounds. The present results indicate that both
lignin samples from softwood and wheat straw provide greater soot yields
than holocelluloses and extractives, consistent with the aromatic content of
lignin. Moreover, soot reactivity decreases with increasing feedstock lignin
content. Tests with representative monolignols suggest that hydroquinone -
rather than 2,6-dimethylphenol and guaiacol - plays an especially important
role in soot formation.
Thermogravimetric analysis results showed that the soot reactivity to-
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wards CO2 depends mainly on the soot nanostructure, as determined by
TEM and Raman spectroscopy, and less on the particle size and radical con-
centrations. The effect of residual alkali was less important than the effect
of lignin content. In particular, cellulose and hemicellulose soot consisted
of graphene sheets spaced at approximately 0.4 nm, whereas the graphene
spacing of the lignin-derived soot was approximately 0.25 nm. The methanol
extracted soot particles with a smaller separation distances and flat graphene
segments formed a graphitic structure which is significantly less reactive than
the other soot samples emphasizing the role of methanol Soxhlet extraction
on the soot nanostructure and CO2 reactivity. The non-treated and ace-
tone extracted softwood and wheat straw lignin soot samples showed a sim-
ilar reactivity. Moreover, Raman spectroscopy showed a trend between the
measured D1/G ratio and reactivity, again suggestive of the importance of
graphene layer spacing and size. Similarly, qualitative differences in the reac-
tivity of some soot samples - for example the observation of multiple reaction
regimes for cellulose, hemicellulose, and hydroquinone soot - was correlated
with qualitative differences in their nanostructures.
These results provide a clear basis for understanding the effects of feed-
stock on soot formation, showing that increasing the lignin content of the
feedstock increases the soot yield while decreasing the soot reactivity - both
potentially negatively impacting gasifier operation and emissions. Differences
in reactivity can be ascribed in part to differences in soot nanostructure.
Based on this work, selection of gasification feedstocks should emphasize
biomass with low lignin content.
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